ABSTRACT: A number of viral haemorrhagic septicaemia (VHS) virus isolates of European marine origin were shown to be of low pathogenicity or non-pathogenic to Atlantic salmon parr by waterborne infection. A reference freshwater VHS virus isolate known to be highly pathogenic to rainbow trout was also of low pathogenicity to Atlantic salmon. Virus was detected in some mortalities, however, demonstrating viral entry and replication. European marine VHS virus isolates do not appear to pose an imminent threat to the Atlantic salmon culture industry. Turbot were found to be refractive or of low susceptibility to marine VHS virus isolates of sprat origin and to a reference freshwater isolate, with mortalities of 0 to 13.5%. Conversely, turbot were susceptible by varying degrees to a number of VHS virus isolates taken from herring, with mortalities ranging from 16 to 68%. These results emphasise the vulnerability of turbot culture to the VHS virus isolates that are enzootic to the European marine environment.
INTRODUCTION
Historically, viral haemorrhagic septicaemia (VHS) is a disease of farmed rainbow trout Oncorhynchus mykiss in continental Europe. However, disease outbreaks in the marine environment have recently been recorded in cultured turbot Scophthalmus maximus in Germany (Schlotfeldt et al. 1991) , Scotland (Ross et al. 1994) and Ireland (McArdle unpubl. data) , and in cultured rainbow trout in Sweden (B. Nordblom unpubl. data). The occurrence of VHS virus (VHSV) in wild marine fish is becoming increasingly evident (Dixon 1999 , Meyers et al. 1999 , Mortensen et al. 1999 . The host range appears to be broad as several marine fish species have now been reported to carry VHSV, including, from European waters, Atlantic cod Gadus morhua (Smail 1995 , 2000 , Mortensen et al. 1999 , Atlantic herring Clupea harengus , Mortensen et al. 1999 , haddock Melanogramus aeglefinus (Smail 2000) , Norway pout Trisopterus esmarkii, sprat Sprattus sprattus, rockling Rhinonemus cimbrius, whiting Merlangius merlangus, blue whiting Micromesistius poutassou, and lesser argentine Argentina sphyraena (Mortensen et al. 1999) . The host range within the north Pacific Ocean is also growing with VHSV isolations reported from Pacific herring Clupea harengus pallasi (Meyers et al. 1994 , Traxler & Kieser 1994 , Meyers & Winton 1995 , Meyers et al. 1999 , Pacific cod Gadus macrocephalus (Meyers et al. 1992) , chinook salmon Oncoryhnchus tshawytscha, coho salmon Oncorhynchus kisutch (Brunson et al. 1989 , Hopper 1989 , pilchard Sardinops sagax, blackcod Anaplopoma fimbria (Traxler et al. 1999) , Pacific hake Merluccius productus, and walleye pollock Theragra chalcogramma (Meyers et al. 1999 ). The first isolation of VHSV from East Asia was recently reported from wild Japanese flounder Paralichthys olivaceus (Takano et al. 2000) .
Phylogenetic analysis of nucleotide sequence data has revealed that isolates of VHSV may be grouped according to their geographic rather than their host-species origin (Benmansour et al. 1997 . Indeed, analyses based on the glycoprotein gene of VHSV have identified the existence of geographically distinct genogroups of VHSV, comprising isolates from North America, continental Europe and the European marine environment (Benmansour et al. 1997 . Further analysis of European marine isolates based on RNase protection and sequence analysis of the nucleoprotein gene has allowed subdivision of the European marine isolates into 2 groups circulating within the North (Genotype III) and Baltic Seas (Genotype II), respectively. In addition, marine isolates from the Baltic Sea were identified that were closely related to isolates from freshwater aquaculture in continental Europe (Genotype I) .
There is concern regarding the potential economic impact that VHS may have on the Scottish fish farming industry, particularly following the outbreak in turbot on the island of Gigha (Ross et al. 1994) . Although the sources of virus in this outbreak and the turbot VHS outbreak reported in Ireland (J. McArdle unpubl. data) remain unknown, a genetic link has been identified between the isolates from these outbreaks and isolates recovered from wild fish caught around the British Isles . Thus, the virus in both the Scottish and Irish epizootics may have originated in the marine environment.
With increasing evidence of VHSV carriers among wild fish stocks, it is important to establish the susceptibility of cultivated fish to marine VHSV isolates from different marine host species. The aim of the present study was to investigate the susceptibility of Atlantic salmon to groups of marine VHSV isolates of European origin, from a range of host species. Herring and sprat have been shown to be highly prevalent carriers of VHSV in the European marine environment (Mortensen et al. 1999) . Therefore, as several VHS outbreaks in turbot have already been reported, representative isolates from these 2 host species, from the genotypes identified within the European marine isolates of VHSV, were selected for investigation with regard to their infectivity to turbot.
METHODS

Fish.
For Expt 1, freshwater salmon parr (mean weight ± SE, 6.3 ± 0.9 g) and rainbow trout (mean weight ± SE, 5.0 ± 0.7 g) were obtained from Fisheries Research Services Marine Cultivation Unit (Aultbea, Wester Ross, Scotland). For Expt 2, turbot (mean weight ± SE, 4.4 ± 0.9 g) were obtained from Maximus A/S (Gudnaesstrandvej 17, Bedsted, Denmark). The fish were virologically tested as specific pathogen-free (12 pools of 5 fish for each species tested negative for VHSV, infectious pancreatic necrosis virus and infectious haematopoietic necrosis virus). Fish were starved for 24 h before infection and put into 30 l aquaria lined with polythene bags and containing 10 l of freshwater (activated charcoal filtered mains water) (Expt 1) or sea water (sand filtered from Nigg Bay, Aberdeen) (Expt 2), with aeration. Triplicate tanks each holding 40 (Expt 1) or 35 (Expt 2) fish were set up for each test group.
VHSV propagation. Stocks of virus were grown on the bluegill fry caudal trunk cell line (BF-2, pass number 3 to 6) cultivated in either Eagle's minimum essential medium (Gibco BRL, Life Technologies, UK) or Glasgow minimum essential medium (GMEM, Gibco), plus 10% foetal bovine serum (Sigma-Aldrich Co. Ltd, To test a large number of VHSV isolates, Atlantic salmon were experimentally infected with groups of from 1 to 5 marine isolates originating from the same host species, as shown in Table 1 . It has previously been shown with waterborne infection studies on salmonids that simultaneous exposure to more than 1 VHSV isolate does not compromise the virulence of individual isolates (Skall unpubl. data). Isolates within a group were diluted and mixed to obtain a final dose of 10 5 TCID 50 ml -1 isolate -1
. Positive and negative control groups were included using rainbow trout as the reference species known to be susceptible to a freshwater VHSV isolate (DK-3592B, Lorenzen et al. 1990) .
Expt 2. VHSV infection of turbot. Turbot were experimentally infected with 4 individual virus isolates from sprat and 5 individual isolates from herring ( Table 2 ). The turbot isolate 860/94 originating from a farm outbreak at Gigha, West Scotland (Ross et al. 1994) , was used as a positive control for the infection protocol. The freshwater rainbow trout isolate DK-3592B was also tested along with a negative control group.
Infection protocol. The virus solutions were poured into triplicate tanks for each group and thoroughly mixed. The polythene bags were tied to contain aerosols and reduce the risk of cross-contamination between tanks. Following a 6 h exposure to the virus, the fish were gently tipped out of the bags into the tanks. The water volume was raised to 30 l and water flow rates were set to 50 l h -1 . The water temperature was maintained at 10 ± 1°C and aeration was provided for the duration of the experiment. The photoperiod was set for 12 h of daylight and the fish were fed a commercial pellet diet.
Fish were checked daily, and dead fish were removed and either sampled immediately for spleen and kidney (pooled) and brain (Expt 2 only) or stored whole at -80°C and sampled at a later date. The experiments were terminated on Days 55 (Expt 1) and 61 (Expt 2) post-infection.
Virus recovery and confirmation. Fish mortalities were tested for VHSV recovery to fulfill Rivers' postulates (Rivers 1937) and show that death was due to VHSV. Tissue samples were weighed and homogenised in microcentrifuge tubes using pellet pestles (Anachem Ltd, UK). The homogenate was resuspended in 9 volumes of transport medium (GMEM-10, 2 mM L-glutamine, 50 µg ml -1 gentamycin, 100 U ml -1 polymixin-B, 2.5 µg ml -1 fungizone; Gibco) and centrifuged at 1000 × g for 20 min at 4°C. BF-2 cells were seeded onto 24-well tissue culture plates (Nunc Life Technologies, UK) to reach a confluency of 60 to 70% after 24 h in 900 µl GMEM-10 well -1
. Tissue homogenates were added to the cell cultures and serially diluted to give final dilutions of 1:100, 1:1000 and 1:10 000. The inoculated tissue culture plates were incubated at 15°C and monitored for viral cytopathic effect (CPE). After 7 d incubation, samples not showing evidence of CPE were passaged to fresh 24 h BF-2 seeded 24-well tissue culture plates by pooling supernatants from each of the 3 dilution wells of the primary plate and serially diluting to give final dilutions of 1:10 and 1:100. The plates were incubated at 15°C and monitored for CPE.
Cell cultures showing evidence of CPE were tested by ELISA using a commercial diagnostic kit according to the manufacturer's instructions (Test-Line Limited Clinical Diagnostics, Brno, Czech Republic) to confirm the presence of VHSV. Medium from each CPE-positive well was centrifuged at 30 000 × g for 10 min at 4°C to remove cell debris. The resulting supernatant was added to a microtitre plate precoated with purified polyclonal anti-VHSV antibody. Positive and negative controls and blanks supplied in the kit were also added. VHSV was detected by the binding of rabbit anti-VHSV antibody, followed by peroxidase-labelled antibody to rabbit immunoglobulin and finally the chromogenic substrate, tetramethyl-benzidine. 
RESULTS
Expt 1. VHSV infection of Atlantic salmon
At 32 d post-infection, mortalities of only 0 to 3.3% had occurred in the Atlantic salmon test and control groups ( Table 3) . As groups of 2 or more VHSV isolates were tested in some cases, it was not possible to determine which isolate, or isolates, within the group had caused mortality in Groups 1, 2, 5, 7, 8 and 11. None of the Atlantic salmon mortalities showed typical gross pathology for VHS. The rainbow trout positive controls (Group 12) achieved a high mortality rate (89.2 ± 4.4%, mean ± SE, n = 3), and there were no mortalities in the negative controls (Group 13).
Mortalities were individually tested for VHSV isolation from samples of kidney and spleen (pooled organs) (Table 3) . VHSV was recovered from 96.7% of the fish tested from the rainbow trout positive controls (Group 12). One of the 2 fish mortalities from the Atlantic salmon positive controls (Group 14) was VHSV positive; virus was not detected from either of the 2 mortalities from the negative controls (Group 15). Of the salmon test groups, VHSV was recovered only from mortalities from Group 1 (66.7%). All others tested negative for virus recovery. Surviving fish were not tested for virus.
Expt 2. VHSV infection of turbot
The mortality results for each group are summarised in Table 4 . A high level of mortality was achieved with the positive control group (66.3%, Group 11) and the mortality rate in the negative control group was zero, therefore validating the infection protocol.
Mortalities were observed in all groups that were infected with the herring isolates (Groups 6-10), ranging from low level mortality of 16.5% in Group 6 to high level mortality of 68.6% in Group 10, which was comparable with that of the positive control group. However, the mortality rate was significant in only 1 (Group 5) of the groups infected with the sprat isolates (Groups 2 to 5), although this was of a low level at 13.5%. A negligible mortality rate was recorded in fish infected with the freshwater reference isolate DK-3592B (Group 12). In the high virulence groups (Groups 10 and 11), mortality was first recorded at around 14 d post-infection (14.2 ± 0.7 d, mean ± SE, n = 6) whereas, in low virulence groups (Groups 5 and 6), mortality tended to occur later, at 25 d post-infection (24.7 ± 2.6 d, mean ± SE n = 6). Dead fish showed reported pathology for VHS, including darkening of the body, haemorrhaging of the head and the fins, and ascitic fluid in the body cavity (Castric & de Kinkelin 1984) (Fig. 1). 28 A generalised linear regression analysis of the mortality data (Genstat 5, Release 3 computer software) showed that mortality in Groups 10 and 11 was significantly higher than in the other groups (p < 0.001; Groups 1 and 2 were not included as the mortality rate was zero).
Sub-samples of the mortalities from each group were individually tested for VHSV isolation from samples of kidney and spleen (pooled) and brain. The sample sizes required to estimate the proportion of mortalities that were due to VHSV were determined at the 95% confidence level using the method of Thompson (1992) . This method was based on the assumption that at least 50% of mortalities were due to VHSV infection with an acceptable error difference of 10%. The results are shown in Table 4 . Of the mortalities tested from the positive control group infected with the Gigha turbot isolate (Group 11), 94% of organ samples and 91% of brain samples were positive for VHSV. Isolation of VHSV from mortalities infected with isolates from sprat (Groups 3, 4 and 5) was consistently high at 91% to 100%. However, isolation from mortalities infected with virus isolates from herring varied from 47% (Group 8, organs) up to 86% (Group 10, brains). The isolation rate from brain tissue was comparable with that from kidney and spleen pools in all groups, with the exception of Group 12, the freshwater reference isolate (DK-3592B), where VHSV was isolated only from brain, and not from kidney and spleen.
DISCUSSION
Atlantic salmon parr were not susceptible to groups of marine VHSV isolates from a range of host species nor to a reference freshwater isolate. However, virus detection in some mortalities demonstrated that viral entry and replication can occur. Virus has been recovered from Atlantic salmon fry exposed by immersion to the VHSV freshwater reference isolates 07/71 and 23/75, with good levels of neutralising activity in the serum being detected (de Kinkelin & Castric 1982) . Infection trials with rainbow trout fingerlings showed that VHSV isolates from wild marine fish species, including all those isolates tested during this study, were non-pathogenic by immersion (Skall unpubl. data) . Similarly, pathogenicity tests have shown the North American strains of VHSV to be of relatively low pathogenicity to salmonids (Follett et al. 1997 , Meyers & Winton 1995 , Traxler et al. 1995 . Indeed, injection and bath exposure of Atlantic salmon to a North American marine strain caused losses only in the virusinjected fish and virus was not recovered from fish exposed by immersion (Traxler et al. 1999) .
Turbot appeared to be very resistant to the freshwater VHSV isolate DK-3592B, with only 3% mortality. However, the susceptibility of turbot to other VHSV isolates of European freshwater origin has been shown previously. Waterborne challenge and intra-peritoneal injection with reference freshwater isolates 07/71 and 23/75 resulted in 24% and over 90% mortality, respectively (Castric & de Kinkelin 1984) . This suggests that VHSV isolates of freshwater origin may have substantial variability in virulence for turbot.
Turbot were shown to be very susceptible to the turbot VHSV isolate 860/94 from Gigha with 66% mortality. Similarly, another study investigating the virulence of the Gigha marine isolate to turbot showed 71% mortality by immersion challenge and 100% mortality by intra-peritoneal challenge, with horizontal transmission of VHSV in sea water being shown by 60% mortality of cohabiting fish (Snow & Smail 1999) . Turbot were found to be susceptible by varying degrees to all the VHSV isolates tested that originated from herring, with mortalities from 16.5 to 68.6%, but the isolates from sprat were not virulent or of low virulence (0 to 13.5% mortality). The isolation of virus from brain tissue, as well as kidney and spleen, shows evidence for the neural form of the disease, which has been found previously (Snow & Smail 1999) . These results suggest that there is a variability in the virulence for turbot of marine VHSV isolates from different host species and also between different isolates from within the same host species.
There is some evidence that the virulence of marine VHSV isolates for turbot is dependent on the geographic origin rather than the host species of each isolate. Indeed, isolates 860/94 (turbot host) and 4p168 (herring host) recovered from waters within the British Isles and the Skagerrak, respectively (genotype III; , produced the highest mortality rates in turbot. This evidence, coupled to the genetic link established between isolate 860/94 and other isolates recovered from around the British Isles , further supports the possibility that the origin of isolate 860/94 was the marine environment. Whether the epizootic in turbot at Gigha resulted from the horizontal transmission of virus from wild fish species in the immediate vicinity of the turbot farm at Gigha or from the import of virus in unpasteurised fish product used at the site remains unclear.
The remaining isolates tested against turbot, all originating from the Baltic Sea, resulted in lower mortality rates, ranging from 0 to 39%. Isolates 1p52 and 1p55 (sprat host), which are representatives of genotype II , both caused very low mortality in turbot. The other isolates, also from the Baltic Sea but more closely related to isolates from continental Europe (genotype I; , generally resulted in intermediate mortalities ranging from 13.5 to 39%; the only exception was isolate 1p86 (sprat host). As the separation of isolates into these genotypes was based on a short region of the N-gene of VHSV, such exceptions are perhaps not surprising. Indeed, the N-gene codes for an internal protein that is generally well conserved and thus unlikely to be a direct determinant of pathogenicity.
The risk of VHS to the Atlantic salmon culture industry in Europe appears to be low. Indeed, after many years of rigorous testing, no VHSV has ever been isolated from Atlantic salmon in Scotland. However, the North American strain of VHSV has been isolated from farmed Atlantic salmon in Canada (Traxler et al. 1995) . Hence, the evidence does not preclude the potential for a VHSV strain that is virulent for Atlantic salmon to emerge in Europe, but our data together with other published reports lead to the conclusion that Atlantic salmon are not at direct risk from VHSV. The results of this study indicate that turbot are susceptible to a number of VHSV isolates that are enzootic to the European marine environment and that protection against this disease, therefore, is a necessary consideration for the future of turbot culture.
